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Abstract: Two new azo-Schiff base receptors (L 1 and L 2 ) containing azo and azomethine groups with a conjugated
group (benzyl ring of anthranilic acid, in L 1 ) and electron-donating group (alkyl chain of hexanoic acid, in L 2 )
were synthesized and characterized. Azo-hydrazone/phenol-keto tautomerism and solvatochromism were investigated.
Studying their sensing ability towards cations (Co 2+ , Cu 2+ , Zn 2+ , Ni 2+ , Pb 2+ , Cd 2+ , Mn 2+ , Fe 3+ , Cr 3+ , and Al 3+ ) ,
high sensitivity and selectivity were recorded for Fe 3+ by naked eye and UV-Vis spectra in DMF-aqueous HEPES buffer
(v:v, 1:1, pH 6.8). The color of L 1 and L 2 solutions instantly changed from yellow to deep orange and pale orange. L 2
sensed Cu 2+ and Al 3+ ions selectively by UV-Vis spectra. The interactions of receptors with F − , Cl − , CH 3 COO − ,
−
−
C 2 O 2−
anions were also investigated in DMF-HEPES 1:1 and 4:1 solvent mixtures. L 1 sensitively
4 , H 2 PO 4 , and OH

responded to anions according the order of OH − >C 2 O 2−
>F − in the 1:1 mixture and OH − >F − >CH 3 COO −
4
>C 2 O 2−
in the 4:1 mixture in UV-Vis spectra with color changing from pale yellow to dark yellow. However, L 2
4
showed weak spectral changes in the UV-Vis spectra, so its sensitivity was poorer than L 1 , attributed to the effect of
alkyl chains.
Key words: Azo-Schiff bases, tautomerism, cation sensing, anion sensing, Fe 3+ /Cu 2+ /Al 3+ sensors, F − /CH 3 COO − /
C 2 O 2−
sensors
4

1. Introduction
In the past two decades, more and more attention has been focused on the development of selective receptors
for the sensing of Fe 3+ , Fe 2+ , Hg 2+ , Cu 2+ , Al 3+ , and other transition metal ions because of their important
roles in biology, medicine, environment, and industry. 1−5 Among these metal cations, toxic iron species are
the most important ions, and Al 3+ is problematic due to poor coordination ability. 6 Therefore, there is
a great need for new receptors that detect Fe 3+ /Fe 2+ and Al 3+ selectively and sensitively. Considering
the applications, fluorescence-based and colorimetric “naked-eye” receptors have been intensively utilized for
metal ion determination. 7,8 In addition, the UV-Vis absorption spectroscopy method is of great importance for
detecting ions due to its advantages like easy operational usage, high sensitivity, and cost-effectiveness. 9−11
The synthesis of organic molecules having optic and colorimetric properties for recognition of inorganic
anions (F − , Cl − , AcO − , H 2 PO4 − , HSO 3− , HCO 3 -, etc.) is another interesting topic of research. A great
∗ Correspondence:
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number of sensors have been reported to be selective anion receptors. 12−14 They contain various kinds of binding
sites that interact with anions through hydrogen bonding, deprotonation or chemical reactions. 15 Compared to
anions, fluoride has been extensively studied because it has importance in dental health and possible toxicity
in high doses. However, many receptors cannot differentiate F − , AcO − , and H 2 PO4 − ions because of their
similar basicity and surface charge density. 16
Schiff bases are known to be a particular class of chelating ligands for metal ions and they are widely
used as receptors due to easy synthesis with good yield and good photophysical properties. 17 The azomethine
(CH =N) bond and acidic phenolic OH proton in these Schiff bases have a strong affinity and hydrogen bonding
capability for metal ions and anions, respectively. 18 Azo-Schiff bases containing the characteristic azo (–N =N-)
and (CH =N-) chromophores can coordinate to metal ions by using these groups 19 and are used as chromogenic
reagents and indicators. 20 . On the other hand, many azo dyes obtained from enol-type coupling components
and Schiff bases prepared from 2-hydroxy aldehydes exhibit tautomeric equilibrium between azo and hydrazone
forms 21 and phenol-imine and keto-amine forms 22 because of intramolecular proton transfer, respectively.
In this paper, two azo-Schiff base receptors (L 1 and L 2 ) , which include azo groups as the chromogenic unit
and hydroxyl, carboxyl, and imine groups as binding sites, have been newly synthesized and characterized. Azohydrazone/phenol-keto tautomerism and solvatochromism were studied in various solutions by spectroscopic
methods. The effect of adding acid, base, and water on UV-Vis spectra was also studied. Their sensing
behaviors against metal cations (Co 2+ , Cu 2+ , Zn 2+ , Ni 2+ , Pb 2+ , Cd 2+ , Mn 2+ , Fe 3+ , Cr 3+ , and Al 3+ )
−
−
and inorganic anions (F − , Cl − , CH 3 COO − , C 2 O 2−
4 , H 2 PO 4 , and OH ) were investigated in DMF-aqueous

HEPES buffer (v:v, 1:1, pH 6.8) and 4:1 solvent mixtures.
2. Results and discussion
2.1. Chemistry
Two novel azo-azomethine receptors (L 1 , L 2 ) were synthesized by the reaction of 3,3’-(2-nitro-1,4-phenylene)bis
(diazene-2,1-diyl)bis(2-hydroxy-5-nitrobenzaldeyde) (Az-1) with anthranilic acid and 6-amino hexanoic acid
(Scheme 1). These receptors were characterized by elemental analysis and mass, IR,

1

H/ 13 C NMR, UV-Vis,

and XRD methods. The obtained results are in agreement with the structures of compounds. All prepared dyes
are intensely colored, stable in air, and soluble in organic solvents.
2.1.1. IR spectra
The analytical and IR data are collected in Table 1. The IR spectrum of Az-1 showed the stretching vibration
frequency of the O-H group at 3335 cm −1 (Supplemental Figure S1). C-H and C =O frequencies of the aldehyde
group peaked at 2887 and 1658 cm −1 . 23 C-H and C =C frequencies in the benzene rings appeared at 3069 and
1625/1579 cm −1 , respectively. The stretching vibration of the azo (N =N) groups was observed at 1471 cm −1 . 24
The bands at 1509 and 1339 cm −1 were due to the symmetric and asymmetric NO 2 frequencies, respectively.
Also, the strong intense band at 1288 cm −1 was assigned to the C-O stretching vibration of the phenol groups.
IR spectra of the azo-azomethine receptors (L 1 and L 2 ) (Figure S1) were compared with Az-1 to support
the formation of new azomethine bonds. In the IR spectra of the ligands, the stretching vibration frequency of
the azo (N =N) groups appeared at 1482/1448 and 1462/1440 cm −1 , but the ν (C-H) and ν (C =O) stretching
vibration bands belonging to aldehyde groups were absent. However, the ν (C =O) band due to the COOH
267
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L2

L1

Az-1

Comp.

C32 H33 N9 O12
Brown

735.6

747.5

509.3

C20 H11 N7 O10
Orange

C34 H21 N9 O12
Orange

Mol. weight
(g/mol)
Mol. weight

Molecular
formula
Color

63
167-168

70
274-275

48
122-124

Yield% Mp.
(°C)

52.60
(52.24)

54.96
(54.62)

48.08
(47.16)

C

5.63
(4.52)

3.75
(2.83)

3.025
(2.18)

H

Found (Calcd.) %

16.87
(17.14)

15.98
(16.86)

18.95
(19.25)

N

νOH
νCOOH
νC-O
3335
1288
2422
(center)
1283
2537
(center)
1284

IR data

3107
3065
1541

νC-H
νC=C
benzen
3069
1625
1579
3069
1579
1545
2940
2851

2870
2748

2887

νCH/
CH2

Table 1. Analytical, physical, and IR data of all compounds.

1710

1707

-

νCOOH

-

-

1658

νC=O
ald.

1658
1612

1632
1598

-

νC=N

1462
1440

1482
1448

1471

1506
1325

1503
1325

1509
1339

νN=N
νONO as
cis, trans νONO s
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Scheme 1. The structures of azo-linkage Schiff bases (L 1 and L 2 ) .

group was seen at 1707 and 1710 cm −1 . 25 The broad bands centered at 2422 and 2537 cm −1 corresponded
to ν (OH, carboxyl). The new bands at 1632/1598 and 1658/1612 cm −1 were attributed to the azomethine
(C =N), respectively, 26 confirming that receptors exist as azo-imine tautomer in the solid state. The stretching
vibration band around 1283 cm −1 due to ν (C-O) was further evidence for the existence of this tautomer.
2.1.2. NMR spectra
1

H and

13

C NMR spectra of all compounds were recorded in DMSO-d 6 (Table 2). In the 1 H NMR spectrum

of Az-1, the broad signal at δ 12.30 ppm 27 was due to the phenolic protons (Supplemental Figure S2). These
phenolic protons may form an intramolecular hydrogen bond with an azo (N =N) group. The aldehyde (CHO)
protons exhibited at δ 10.30 ppm 28 as a singlet signal and the aromatic protons were seen in the range of δ 7.18–
8.43 ppm as multiple signals, respectively. In the

1

H NMR spectra of azo-azomethine receptors, the carboxyl

(COOH) protons gave broad peaks at δ 12.30 and 11.95 ppm 29 for L 1 and L 2 , respectively (Supplemental
Figure S3). The OH protons appeared at δ 10.23 ppm 30,31 for L 1 , indicating that it forms only an azo-imine
tautomer in solution. The OH protons of L 2 were observed at δ 10.35 and 14.20 ppm, 32 confirming that
an equilibrium between two tautomers forms in the molecule. The peaks at δ 10.35 and 14.20 ppm belonged
to (OH) and (NH) protons of azo-imine and hydrazone-imine tautomers, respectively. The singlet peaks at
δ 9.10/8.65 and 8.78 ppm were assignable to the characteristic peak of the imine (CH =N) protons. 33 These
chemical shifts were also supported for both L 1 and L 2 by UV-Vis spectra in DMSO solution. The 1 H NMR
spectrum of L 2 displayed triplet and multiplet peaks at δ 1.32–3.65 ppm belonging to the methylene protons.
The aromatic peaks resonated in the ranges of δ 6.48–8.43 and 6.60–8.42 ppm.
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The proton-decoupled

13

C NMR spectrum of Az-1 showed the aldehyde carbons at δ 189.49 ppm 26

(Supplemental Figure S4). The phenolic (C-O) carbon atoms were observed at δ 166.10 ppm and the aromatic
carbon atoms were seen in the range of δ 140.22–118.90 ppm. The
the carboxyl carbon atoms at δ 170.02 ppm,

34

13

C NMR spectrum of L 1 exhibited

the imine carbon atoms at δ 166.14 ppm, 31 the phenolic

(C-O) carbon atoms at δ 162.68 ppm, 35 and aromatic carbon atoms in the range of δ 151.96–110.02 ppm
(Supplemental Figure S5). In the

13

C NMR spectrum of L 2 , the signal at δ 174.83 ppm was due to the

carboxyl carbon atoms. The imine carbon atoms and the phenolic (C-O) carbon atoms appeared at δ 167.54
and δ 166.63 ppm, respectively (Supplemental Figure S6). The peak at δ 178.15 ppm may signalize the (C =O)
carbon atom of hydrazone-imine tautomer. All the other aromatic carbon atoms were observed between δ
139.89 and 113.93 ppm. In the aliphatic region, the peaks at δ 52.21, 33.87, 29.34, 25.91, and 24.38 ppm were
assigned to the methylene carbon atoms.
2.1.3. UV-Vis spectra
2.1.3.1. Solvatochromic behavior of receptors
UV-Vis spectroscopy is a very useful method for investigation of tautomerism in azo dyes and Schiff bases. It
has been reported that while azo dyes exist in azo or hydrazone tautomeric forms, 36 2-hydroxy Schiff bases exist
in phenol-imine or keto-amine tautomers in solid state and solution. 37 As seen in Scheme 2, newly obtained
azo-Schiff bases L 1 and L 2 can exhibit three possible tautomers as azo-imine, azo-amine, and hydrazone-imine
forms, having different electronic absorption spectra.

Scheme 2. The azo-hydrazone and phenol-keto tautomeric equilibria in azo-linkage Schiff bases (L 1 and L 2 ) .
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8

7

6

3
4
5

2

1

3.65(t)
(J = 6.8)
52.2

124.9

-

151.9

-

124.8

-

122.6

1
13
-

Number

J, coupling constant.

L2

L1

Az-1

Comp

1.70(m)
(J = 7.0)
29.3

8.35(d-d)
(J = 9.1)
119.1

6.48(t)
(J = 7.0)
129.2

8.35(d-d)
(J = 9.1)
119.3

2
14
8.37(d)
(J = 2.9)
122.6

1.32(m)
(J = 8.0)
25.9

131.1

-

6.74(d-d)
(J = 8.3)
131.6

133.8

-

131.1

3
15
-

1.55(m)
(J = 7.2)
24.3

8.04(d-d)
(J = 9.6)
129.6

7.10(d)
(J = 9.8)
120.0

8.25(d-d)
(J = 9.2)
130.0

4
16
8.37(d)
(J = 2.9)
124.8

Table 2.

1

2.22(t)
(J = 7.2)
33.8

123.1

-

7.20(m)
(J = 7.1)
131.2

118.9

-

124.8

5
17
-

H and

13

166.61
78.1

-

114.9

-

162.6

-

166.1

6
18
-

139.8

-

151.9

-

6.60(d)
(J = 9.6)
124.9

127.79

7.48(s)

7.18(d)
(J = 9.1)
122.6

140.2

8

7

7.18(d)
(J = 9.1)
122.6

7.68(d-d)
(J = 8.0)
122.6

8.33(d)
(J = 2.9)
122.6

9

134.1

-

140.2

-

131.1

-

10

133.0

-

134.1

-

131.1

-

11

8.42(t)
(J = 3.8)
113.9

8.43(d)
(J = 3.0)
116.7

8.43(d)
(J = 2.9)
118.9

12

C chemical shifts of all compounds in DMSO-d 6 (ppm).

Table 2. 1H and 13C chemical shifts of all compounds in DMSO-d6 (ppm).

-

-

189.4

10.30(s)

CHO

10.35(s)
14.20(s)

10.23(s)

12.30(s)

OH

167.5

8.78(s)

8.94(s)
9.10(s)
166.1

-

-

CH=N

174.8

11.95(s)

170.0

12.30(s)

-

-

COOH
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The UV-Vis spectra of the azo-azomethine receptors were studied at room temperature in DMSO, DMF,
EtOH, and CHCl 3 (10 −5 M). The spectra of the ligands are given in Figure 1 and Supplemental Figure S7, and
electronic data are presented in Table 3. Ligand L 1 including anthranilic acid moiety exhibited two absorption
bands at 320 and 436 nm in DMSO, 323 and 433 nm in DMF, 321 and 393 nm in EtOH, and 311 and 449 nm in
CHCl 3 (see Figure 1a). The broad band range of 311–323 nm belonged to the π − π * transition of azomethine
chromophores. 25 The λmax value of this transition shifted bathochromically (positive solvatochromism) with
the increasing of solvent polarity, but the absorbance increased in the order of EtOH >DMSO >CHCl 3 >DMF.
In EtOH, the absorption band at 393 nm may be attributed to the n- π * transition of the (C =N) group and/or
the π - π * transition of the (N =N) group. 38 The band in the range of 433–449 nm was due to the n- π * transition
of the (N =N) group of the azo-imine tautomer. 39 This n- π * transition shifted to a lower wavelength with the
increasing of polarity.

Figure 1. UV-Vis spectra of L 1 in (a) neutral, (b) acidic, and (c) basic solutions.

It was seen that L 2 with hexanoic acid moiety showed two adsorption bands in all solutions. The band at
320–330 nm corresponded to the π −π * transition of azomethine chromophores in EtOH and CHCl 3 . The band
at 364–393 nm was due to the n- π * transition of (C =N) chromophores and/or π − π * transition of (N =N)
chromophores in DMSO, DMF, and EtOH. The second band appeared at 401–414 nm, which may be assigned
to the n- π * transition of (N =N) and (C =O) groups of azo-imine or hydrazone-imine tautomers. This band
at >400 nm gave blue shifting as compared to the spectra of L 1 because of the decreasing of conjugation in
the benzene ring and (N =N) chromophore. As expected, solvent polarity influenced the wavelengths of these
transitions bathochromically and the intensities hyperchromically. The influence of the solvents was in the order
of DMSO >DMF >EtOH >CHCl 3 .
272

L1

Basic

Acidic

Pure

Media

287 (4.39)
374 (4.47)
428 (4.61)

λmax (log ε)
Solvent
DMSO
320 (4.54)
436 (3.99)
316 (4.27)
375 (4.31)
429 (4.43)

DMF
323 (4.41)
433 (4.07)
318 (4.32)
321 (4.61)
400 (4.47)

EtOH
321 (4.74)
393 (4.19)
315 (4.63)

CHCl3
311 (4.52)
449 (3.33)
308 (4.33)
442 (3.50)
369 (4.43)
L2

Basic

Acidic

Media
Pure

DMSO
368 (4.56)
414 (4.62)
357 (4.34)
402 (4.34)
367 (4.53)
426 (4.67)

DMF
364 (4.53)
412 (4.57)
352 (4.33)
395 (4.28)
366 (4.40)
425 (4.54)

EtOH
330 (4.46)
393 (4.35)
329 (4.34)
387 (4.17)
352 (4.39)
400 (4.50)

Table 3. UV-Vis data of azo-linkage Schiff bases in various solvents, acidic, and basic solutions.

CHCl3
320 (4.47)
401 (4.05)
337 (4.24)
389 (4.09)
358 (4.80)
400 (4.61)

ÖZDEMİR/Turk J Chem

273

ÖZDEMİR/Turk J Chem

2.1.3.2. Acid and base effects on UV-Vis spectra
To examine to acid-base effects on UV-Vis spectra, trifluoroacetic acid and triethylamine were added to the
solvents. In acidic solutions of L 1 , the λmax value of the first absorption band gave a small hypsochromic shift
( ∆λmax ~3–6 nm) (Figure 1b). The second band disappeared, except in CHCl 3 . In basic media, a new band
was observed at 287 nm in DMSO, which was related to the π − π * transition of the benzene ring (Figure 1c).
The absorption maxima of the first band did not change in EtOH, but it showed a larger bathochromic shift
( ∆λmax ~52–58 nm) in other solutions. The second band above 400 nm blue-shifted to 428–429 nm. In CHCl 3 ,
this band was absent.
In acidic media for L 2 , the band in the range of 320–368 nm shifted hypsochromically ( ∆λmax ~11 nm
in DMSO and DMF, 1 nm in EtOH), and it shifted bathochromically in CHCl 3 ( ∆λmax = 17 nm) (Figures
S7a and S7b). The band at >400 nm showed blue shifting ( ∆λmax ~11–17 nm) in all solutions. Upon addition
of a base to L 2 solutions, while the first band shifted from 330–320 nm to 352–358 nm in EtOH and CHCl 3 ,
it showed no considerable shift in DMSO and DMF (Figure S7c). The second band exhibited red shifting
( ∆λmax = 12–13 nm) in DMSO and DMF, but it did not change significantly in CHCl 3 .
2.1.3.3. Effect of adding of water on UV-Vis spectra
UV-Vis spectra of L 1 and L 2 were also recorded in DMF with the gradual addition of water at 1:0.5, 1:1,
1:1.5, 1:2, and 1:2.5 volume ratios. The bands of L 1 and L 2 blue-shifted and the absorbance of these bands
decreased (Supplemental Figure S8). This shifting indicated that water molecules form stronger intermolecular
hydrogen bonding with tautomeric forms of receptors.
2.1.4. Mass spectra
Mass spectra of compounds are given in Supplemental Figures S9–S11. The mass spectral pattern of Az-1
(Figure S9) did not give the expected molecular ion peak at m/z 509. The base peak was observed at m/z
325.22 through the loss of (OH) and (C 7 H 5 NO 4 ) groups of molecules. L 1 exhibited a peak ( m/z 742.85)
indicating that the molecular ion loses four hydrogen radicals. This was followed by loss of (C 17 H 7 N 5 O 7 ) ,
(CH +C 3 H 3 ), and (C 6 H 4 N 3 O 3 ) radicals and the giving of strong peaks at m/z 354.93, 165.94 (base fragment),
and 137.97, respectively. In the case of L 2 , an (M +6H) peak was seen at m/z 741.13. The base peak was
obtained at m/z 281.10 by loss of a (C 19 H 18 N 7 O 7 ) radical. The peak at m/z 132.10 formed through loss of
(C 7 H 5 NO 3 ) radical.
2.1.5. Powder XRD
A suitable single crystal of receptors could not be obtained. Therefore, powder X-ray patterns of compounds
were recorded in the range of 4 <2 θ <80° to get an idea about the spatial arrangement of receptors. The values
of 2 θ , d, and β of prominent intensity peaks are summarized in Table 4.
n × λ = 2 × dsinθ

(1)

Here, n is an integer (1), λ is the wavelength of Cu K α radiation (1.5406 Å), and θ is the Bragg diffraction
peak angle. 40
X-ray diffractograms of L 1 and L 2 showed six and nine broad crystalline peaks, respectively, confirming
that they have poor crystallinity in phase (Figures 2a and 2b). The average particle size was calculated from
274
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Table 4. Powder X-ray diffraction data of azo-linkage Schiff bases L 1 and L 2 .

Comp

L1

Peak
1
2
3
4
5
6

2θ
7.08
13.18
14.36
19.67
26.58
28.33

Intensity (a.u.)
586.2
453.2
484.7
366.6
588.5
305.6

d (Å)
12.48
6.71
6.16
4.51
3.35
3.15

β
Comp
0.30
0.40
0.36
0.30
L2
0.32
0.28

Peak
1
2
3
4
5
6
7
8
9

2θ
5.80
18.94
19.75
19.88
21.47
22.57
26.47
27.67
46.66

Intensity (a.u.)
954.5
415.5
389.2
377.8
258.1
258.7
285.5
420.5
128.6

d (Å)
15.23
4.68
4.49
4.46
4.14
3.94
3.37
3.22
1.95

β
0.18
0.24
0.62
0.46
0.36
0.18
0.26
0.50
0.04

the main XRD peak using the Debye–Scherrer formula (Eq. (2)). 41 The sizes of L 1 and L 2 were 48.4 and 80.5
nm, respectively, indicating that they are in microcrystalline states. This difference in grain size may originate
from spatial disparity between benzene rings and alkyl chains in molecules.
D = K × λ/β × cosθ

(2)

Here, D is the average grain size, K is a constant (0.94 for Cu grid), and β is the full width at half maximum
of the diffraction peak.

Figure 2. Solid X-ray diffractograms of L 1 and L 2 .

2.2. Sensing of metal cations
The colorimetric detection method and UV-Vis absorption spectroscopy are widely used in chemical and
biological analyses because of various advantages such as efficacy, rapidity, and simplicity. For this reason,
the colorimetric analysis of receptors against Co 2+ , Cu 2+ , Zn 2+ , Ni 2+ , Pb 2+ , Cd 2+ , Mn 2+ , Fe 3+ , Cr 3+ ,
and Al 3+ ions was conducted in DMF-HEPES (1:1) mixture. Upon addition of 1 equiv. of Fe 3+ to L 1 and L 2
solutions, the color of the receptors changed from yellow to deep orange and pale orange, respectively, indicating
a strong receptor–metal interaction and allowing naked-eye detection of Fe 3+ . Addition of other metal ions did
not give any response in color.
UV-Vis spectral changes of receptors toward these ions were investigated in DMF-HEPES (1:1). In the
UV-Vis spectrum of L 1 (Figure 3a), two strong bands appeared at 348 and 406 nm due to π − π * and n- π *
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transitions of chromophores, respectively. When 1 equiv. of Cu 2+ and Al 3+ solutions was added to L 1 , the
bands exhibited small hypsochromic shifts ( ∆λmax ~5–7 nm and 1–7 nm). In the presence of Fe 3+ (1 equiv.), the
band at 348 nm disappeared and a new band was seen at 318 nm, indicating the coordination of an azomethine
nitrogen atom with Fe 3+ , consistent with the change of color, and the band at 406 nm disappeared. 42 In spite
of this, other metal ions caused no change in the spectrum.

Figure 3. UV-Vis spectra of (a) L 1 and (b) L 2 (133 µM) after addition of 1.0 equivalent volume of various metal ions
(133 µM) in DMF-aqueous HEPES buffer solution (1:1, v:v). Insets: Color changes of L 1 and L 2 (133 µM) with various
metal ions (133 µM) in DMF-HEPES at 1:1 (v :v, mL) ratio.

The electronic spectrum of L 2 showed two strong bands at 360 and 405 nm assigned to n- π * transitions
of chromophores (Figure 3b). On addition of Cu 2+ (1 equiv.) to L 2 , the band at 405 nm blue-shifted to 400
nm, which was seen as a hump, and its absorption intensity reduced slightly, showing the chelation of Cu 2+
and L 2 . 43 For Al 3+ and Fe 3+ , the band at 360 nm disappeared and a new band around 314–320 nm appeared,
suggesting the formation of the complex in solution. 44 The band at 405 nm displayed hypsochromic shifting
( ∆λmax = 4–6 nm), whereas other metal ions did not cause any changes. These results demonstrated that L 1
can be used as an absorption-based sensor for Fe 3+ , and L 2 for Cu 2+ , Al 3+ , and Fe 3+ ions.
2.2.1. UV-Vis titration
The binding abilities of L 1 and L 2 were investigated by UV-Vis titration with the gradual addition (0.75, 1,
1.25, 1.5, 1.75, 1.88, and 2 equiv.) of Cu 2+ , Al 3+ , and Fe 3+ ions. As seen in Figure 4 and Supplemental
Figure S12, there were three basic changes of the absorption bands of receptors. When metal ions were added
to L 1 and L 2 , the bands blue-shifted, a new band appeared, and the absorption intensity decreased constantly
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with increasing concentration of ions. In the presence of Fe 3+ , the bands of L 1 were absent and a new band
was seen at 318 nm (Figure 4). On addition of Cu 2+ to L 2 solution, a hump at 400 nm entirely disappeared
(Figure S12a). On addition of 0.75 equiv. of Al 3+ , the bands of the receptor shifted from 360 and 405 to 351
and 402 nm, and a new band was observed at 320 nm. With increasing amounts of Al 3+ , the band at 351 nm
disappeared (Figure S12b). In the presence of Fe 3+ , the band at 360 nm disappeared along with appearance
of a new band at 314 nm, and the band at 399 nm was absent at ~1.5 equiv of ion (Figure S12c).

Figure 4. Spectrophotometric titration of L 1 (133 µM) with various equivalent volumes of Fe 3+ ion (133 µM) in
DMF-HEPES (1:1). Inset: plot of UV-Vis absorbance at 318 nm as a function of [Fe 3+ ]/[L 1 ].

The limit of detection (LOD) of metal ions was determined utilizing the UV-Vis titration method and
calculated on the basis of the following equation. 4,9
LOD = 3σ/K

(3)

Here, σ is the standard deviation of the blank measurements and K is the slope of the calibration curve.
The standard deviation of blank solution was found to be 2.18 × 10 −3 and 3.50 × 10 −2 for L 1 and L 2 ,
respectively. From the graph in Figure 5, the value of K and the colorimetric detection limit of L 1 for Fe 3+ ion
were measured as 0.0214 and 0.31 µM. LODs of L 2 for Cu 2+ , Al 3+ , and Fe 3+ ions were detected as 3.78 µM,
4.93 µM, and 6.44 µM, respectively (Supplemental Figure S13). According to the results, receptors L 1 and L 2
can be used as Fe 3+ , Cu 2+ , and Al 3+ ion sensors at micromolar levels.

Figure 5. The detection limit of L 1 for Fe 3+ based on UV-Vis titration.

2.2.2. Stoichiometry of complexation
The stoichiometric ratio of receptors to Cu 2+ , Al 3+ , and Fe 3+ ions was determined from UV-Vis titration
data and Job’s plot analyses. The spectrophotometric titration curve exhibited a sigmoidal curve, bending
at 2 equivalents of metal ion, and a 2:1 ratio was defined between metal ions and receptors (Figure 4 and
Supplemental Figure S12). The binding constants of the complexes were calculated by using the Benesi–
Hildebrand equation. 45 They are compiled in Table 5.
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Table 5. Colorimetric and UV-Vis spectroscopic responses of azo-linkage Schiff bases (L 1 and L 2 ) in the presence of
metal cations and inorganic anions.

Receptor
La1
Lb2
L2
L2
Lc1
L1
L1
Ld1
L1
L1
L1

Solvent
DMF-HEPES
DMF-HEPES
DMF-HEPES
DMF-HEPES
DMF-HEPES
DMF-HEPES
DMF-HEPES
DMF-HEPES
DMF-HEPES
DMF-HEPES
DMF-HEPES

(1:1)
(1:1)
(1:1)
(1:1)
(1:1)
(1:1)
(1:1)
(4:1)
(4:1)
(4:1)
(4:1)

a,b

Yellow color (133 µM).

c,d

Pale yellow color (33 µM).

λmax (nm)
348, 406
360, 405
360, 405
360, 405
352, 401
352, 401
352, 401
358, 414
358, 414
358, 414
358, 414

λmax (nm)e
318
314, 399
360, 400 (hump)
320, 401
355, 402
358, 405
362, 406
366, 417
365, 416
362, 416
368, 418

e

In presence of cations (1 equiv.) and anions (90 equiv.).

f

Binding constant.

Kb (M−1 )f
1.21 × 105
7.72 × 104
3.87 × 103
3.34 × 104
8.39 × 103
8.01 × 102
9.98 × 102
1.11 × 103
9.56 × 102
-

Selective ion
Fe3+
Fe3+
Cu2+
Al3+
FC2 O2−
4
OH−
FCH3 COO−
C2 O2−
4
OH−

Color change
Deep orange
Pale orange
Dark yellow
Dark yellow
Dark yellow
Dark yellow
Dark yellow
Dark yellow
Dark yellow

The stoichiometry of the receptor–metal complex was also carried out by the method of continuous
variations (Job’s plot) (Supplemental Figure S14). In this method, the total concentration of receptor (L 1 and
L 2 ) and metal ion was kept at 133 µM and the molar ratio of ion was changed from 0.1 to 0.9. The results
indicated that a 2:1 (M 2 L) complex structure formed for the two receptors. In the complex, phenolic and
carboxylic oxygen atoms and imine nitrogen atoms of the receptor may bind to metal ions (Scheme 3).
2.2.3. Interferences
The selectivity of L 1 against the Fe 3+ ion and the possible interferences from competing ions (Co 2+ , Cu 2+ ,
Zn 2+ , Ni 2+ , Pb 2+ , Cd 2+ , Mn 2+ , Cr 3+ , and Al 3+ ) were studied by competition experiments. Receptor
(1 equiv.) was treated with 1 equiv. of Fe 3+ before competing ions (1 equiv.) were added at the same
concentration, and then the absorbance intensity was measured. As seen in Figure 6a, the intensity of the band
(318 nm) belonging to the L 1 -Fe complex was not changed significantly by adding competing ions. It showed
that these ions have practically no interference on the absorption detection of Fe 3+ ions.
A similar experiment was carried out for L 2 against Cu 2+ , Al 3+ , and Fe 3+ . The addition of Co 2+ ,
Al 3+ , and Fe 3+ caused the decrease of the absorbance intensity of the L 2 -Cu complex. This showed that Co 2+ ,
Al 3+ , and Fe 3+ ions bind to L 2 competitively in the presence of Cu 2+ and they show minor interferences in
the selectivity toward Cu 2+ . The intensity of the bands due to L 2 -Al and L 2 -Fe complexes was not influenced
by competing ions. These results exhibited that other ions do not interfere with the absorption detection of
Al 3+ and Fe 3+ .
Another selectivity experiment was done for understanding the possible interference from competing ions.
One equivalent of receptor solution was mixed with 1 equiv. of Cu 2+ , Al 3+ , or Fe 3+ solution and 1 equiv.
of other ions solutions, and then UV-Vis spectra were recorded. Figure 6b shows that adding competing ions
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Scheme 3. The proposed binding interaction of Schiff bases (L 1 and L 2 ) with Cu 2+ /Fe 3+ /Al 3+ ions.

Figure 6. (a) Absorption responses of L 1 (133 µM, 1 equiv.) towards Fe 3+ (1 equiv.) in the absence and presence of
1 equiv. of various metal ions in DMF-HEPES (1:1) at 318 nm. (b) UV-Vis spectra changes of L 1 (1 equiv.) to Fe 3+
(1 equiv.) in the absence and presence of various metal ions (1 equiv.) in DMF-HEPES (1:1).

does not cause any changes in the spectrum of the L 1 -Fe complex. It confirmed that the Fe 3+ ion binds to L 1
selectively and there is no interaction between competing ions and L 1 in the presence of Fe 3+ . In the case of L 2
solution including Cu 2+ /Al 3+ with other ions, the original spectra of L 2 -Cu and L 2 -Al complexes were seen
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(Supplemental Figure S15). An absorption band at 314 nm was observed, indicating L 2 -Fe complexation by
the addition of Fe 3+ into these solutions. It demonstrated that L 2 exhibits high selectivity toward Cu 2+ and
Al 3+ ions in the presence of other ions, and less selectivity in the presence of Fe 3+ . Adding Cu 2+ , Al 3+ , and
other ions did not change the spectrum of the L 2 -Fe complex, so L 2 can be used selectively for the absorption
detection of Fe 3+ in the presence of competing ions including Cu 2+ and Al 3+ .
2.3. Sensing of anions
The anion recognition ability of receptors is related to solvent media, especially the addition of protic solvents
(water, methanol, etc.). In those solvents, the binding sites of the receptor for anions form strong hydrogen
bonding with solvent molecules due to having stronger hydrogen-bonding capability. Also, F − , Cl − , acetate,
etc. anions exist in solvated form. 46 These influence receptor–anion interactions and complicate the detection
of anions.
−
−
The anion binding properties of receptors toward F − , Cl − , CH 3 COO − , C 2 O 2−
4 , H 2 PO 4 , and OH

ions (using their sodium salts) were studied by naked-eye analysis and UV-Vis spectroscopy in DMF-HEPES
mixtures (v:v, 1:1 and v:v, 4:1). Receptor L 1 had yellow color and two strong and broad absorption band at
352 and 401 nm in the UV-Vis spectrum in the DMF-HEPES 1:1 mixture (Figure 7a). After addition of a
considerable amount (90 equiv.) of anions to the receptor solution, it showed a noticeable color change from
−
−
pale yellow to dark yellow for F − , C 2 O 2−
and C 2 O 2−
4 , and OH . In the case of basic anions (F
4 ), these

bands gave small red shifts ( ∆λmax = 3–6 nm) and ( ∆λmax = 1–4 nm), respectively. In the presence of a base
(OH − ), the bands shifted to 362 and 406 nm. It showed that the receptor interacts with C 2 O 2−
and OH −
4
anions based on the deprotonation of the hydroxyl group 47 and forming a new hydrogen bonding between the
OH group and the F − ion 18 . Under similar experimental conditions, no spectral responses were observed by
addition of Cl − , CH 3 COO − , and H 2 PO −
4 anions. In the DMF-HEPES 4:1 mixture, L 1 showed two strong
maxima at 358 and 414 nm (Figure 7b). Upon addition of F − , CH 3 COO − , and C 2 O 2−
ions, its color turned
4
to dark yellow, and these bands exhibited red shifts ( ∆λmax = 4–8 nm and ∆λmax = 2–3 nm, respectively).
In the presence of a base (OH − ) , the bands shifted to 368 and 418 nm with color changing from pale yellow to
dark yellow. Other ions (Cl − and H 2 PO −
4 ) did not cause any change in color and UV-Vis spectra.
The interaction of L 2 with anions was also investigated. It was found that its anion binding ability is
different from that of L 1 . In the naked-eye experiment, the anions (except OH − ) were able to change the pale
yellow color of the receptor solution in DMF-HEPES mixtures (v:v, 1:1 and v:v, 4:1). In the presence of larger
amounts of anions (90 equiv.), the receptor exhibited weak spectral changes in the UV-Vis spectra, confirming
weak interaction between L 2 and these anions (Supplemental Figure S16).
2.3.1. UV-Vis titration
−
The anion recognition studies showed that receptor L 1 sensitively detects F − , C 2 O 2−
4 , and OH ions in
−
1:1 DMF-HEPES and F − , CH 3 COO − , C 2 O 2−
in 4:1 DMF-HEPES media. The sensitivity of
4 , and OH

L 1 towards these anions followed the sequence of OH − >C 2 O 2−
>F − in the 1:1 mixture and OH − >F −
4
>CH 3 COO − >C 2 O 2−
in the 4:1 mixture. To understand the binding between the receptor and these anions,
4
increasing amounts (9, 18, 27, 36, 45, 54, 63, 72, 81, 90, and 242 equivalents) of ions were added to the receptor
solution.
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Figure 7. UV-Vis spectra of L 1 (33 µM) after addition of 90 equiv. amount of various anions (2 × 10 −3 M) in (a)
DMF-aqueous HEPES buffer solution (1:1, v:v) and (b) DMF-aqueous HEPES buffer solution (4:1, v:v). Insets: color
changes of L 1 in the presence of various anions.

During the titration experiment in 1:1 DMF-HEPES, the bands of L 1 gave small red shifts and the initial
intensity of these bands gradually decreased with the addition of increasing concentrations of F − ion (Figure
8a). When C 2 O 2−
and OH − ions were added to the receptor solution, the bands red-shifted, the intensity
4
gradually decreased, and the strong band at 350 nm became a hump at ~54 equiv. (Figures 8b and 8c).
−
In the titration experiments with L 1 and F − , CH 3 COO − , C 2 O 2−
in DMF-HEPES (4:1),
4 , and OH

similar changes were seen in UV-Vis spectra (Supplemental Figure S17). The bands at 358 and 414 nm
shifted and decreased gradually upon the addition of ions, which may be due to the deprotonation of the
hydroxyl moiety. The binding constant of the anion complexes of the receptor was determined using the
Benesi–Hildebrand equation as listed in Table 5.
2.3.2. Interferences
The selectivity of L 1 towards C 2 O 2−
in DMF-HEPES (1:1) and against F − and CH 3 COO − ions in DMF4
−
HEPES (4:1) mixtures, including F − , Cl − , CH 3 COO − , H 2 PO −
anions, was investigated by UV4 , and OH

Vis spectra. The absorbance changes of L 1 (33 µ M) were recorded by the treatment of interfering anions (2
−
−
−3
× 10 −3 M) in the presence of anions (C 2 O 2−
M). It was seen that the addition
4 , F , CH 3 COO ) (2 × 10

of competing ions does not cause any significant changes in the spectrum of receptor + C 2 O 2−
solution
4
(Supplemental Figure S18a). These results confirmed that the receptor responds to C 2 O 2−
ions strongly in
4
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−
Figure 8. Absorption spectra changes of L 1 upon the addition of 0–242 equiv. of (a) F-, (b) C 2 O 2−
in
4 , and (c) OH
DMF-HEPES (1:1). Inset: absorbance as a function of [A]/[L 1 ].

the presence of other ions. Figure S18b shows that other ions do not interfere with the absorption detection of
F − and the receptor has good selectivity for fluoride over other ions. Highly selective detection of acetate was
also performed in the presence of other competing ions (Figure S18c).

2.4. Conclusion
In this work, azo-based Schiff base receptors (L 1 and L 2 ) were newly synthesized and characterized. Azohydrazone/phenol-keto tautomerism and solvatochromism were evaluated for L 1 and L 2 by spectroscopic
techniques. IR, 1 H/ 13 C NMR, and UV-Vis spectra results suggested that L 1 favors the azo-imine tautomer in
both solid state and solution. L 2 existed as an azo-imine tautomer in solid state, while it had a hydrazone-imine
form in solutions.
In these receptors, azo groups acted as the chromogenic unit, and hydroxyl, carboxyl, and imine groups
acted as binding sites for both metal ions and inorganic anions. L 1 and L 2 showed selective sensing for Fe 3+
ion by colorimetric and UV-Vis spectroscopic methods. In the presence of Fe 3+ , the color of receptors turned to
deep orange and pale orange. Also, L 2 behaved as a selective Cu 2+ and Al 3+ sensor by UV-Vis spectra. Other
metal ions did not interfere with UV-Vis detection of Cu 2+ , Al 3+ , and Fe 3+ . The anion sensing ability of
−
receptors was also studied. L 1 sensitively recognized F − , C 2 O 2−
ions in 1:1 DMF-HEPES and F − ,
4 , and OH
−
CH 3 COO − , C 2 O 2−
in 4:1 solvent mixtures with colorimetric changes. The order of anion affinity
4 , and OH

was OH − >C 2 O 2−
>F − in the 1:1 mixture and OH − >F − >CH 3 COO − >C 2 O 2−
in the 4:1 mixture. Its
4
4
−
−
responses to C 2 O 2−
ions were not affected by the presence of other anions, whereas L 2
4 , F , and CH 3 COO

exhibited weak sensitivity to all anions in 1:1 and 4:1 mixtures.
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3. Experimental
3.1. Materials and instrumentation
All reagents (2-nitro-1,4-phenylenediamine, sodium nitrite, 5-nitro-salicylaldehyde, anthranilic acid, 6-amino
hexanoic acid, sodium carbonate, and sodium hydroxide) and solvents were of spectroscopic grade and used
without further purification.
Melting points were determined on a Stuart SMP30. Carbon, hydrogen, and nitrogen elemental analyses
were obtained with a LECO CHNS-932 analyzer. IR spectra were measured on a Thermo Scientific Nicolet iD5
ATR spectrometer and wavenumbers were given in the range of 4000–400 cm −1 . NMR spectra were obtained
using a Bruker Advance 300 MHz spectrometer and chemical shifts were recorded in ppm. UV-Vis spectra were
taken using an Analytik Jena Specord 200 spectrophotometer. Powder X-ray diffractograms were obtained
using a GNR APD 2000 Pro XRD (40 kV to 30 mA) with Cu K α radiation ( λ = 1.5406 Å) in the 2 θ = 0–80°
range.
3.2. Synthesis
3.2.1. Synthesis of 3,3’-(2-nitro-1,4-phenylene)bis(diazene-2,1-diyl)bis(2-hydroxy-5-nitrobenzaldeyde) (Az-1)
Az-1 was prepared according to the well-known method. 48 2-Nitro-1,4-phenylenediamine (0.153 g, 1 mmol)
was dissolved in a mixture of ethanol and water (30 mL:10 mL) and concentrated hydrochloric acid (12 mL)
at 0–5 °C in an ice bath. Sodium nitrite (0.414 g, 6 mmol) was dissolved in cold water and added dropwise
to the mixture for 30 min under stirring. Temperature was kept between 0 °C and 5 °C during addition.
Freshly prepared cold diazonium solution was added dropwise to a solution of 5-nitro-salicylaldehyde (0.334 g, 2
mmol) in an ethanol-water mixture (20 mL:20 mL) containing sodium carbonate (0.212 g, 2 mmol) and sodium
hydroxide (0.80 g, 20 mmol) for 30 min at 0 °C. The mixture was first stirred for 2 h at 0 °C and then stirred for
3 days at room temperature. The precipitate was filtered, washed with water and ethanol, and dried at room
temperature.
3.2.2. Synthesis of azo-azomethine receptors L 1 and L 2
Az-1 solution (0.152 g, 0.3 mmol) was condensed with anthranilic acid (0.082 g, 0.6 mmol) or 6-amino hexanoic
acid (0.079 g, 0.6 mmol) by refluxing in absolute ethanol (40 mL) for 7 h. A few drops of glacial acetic acid
were added as catalyst. The solution was stirred for 2 days at room temperature. The product was filtered and
the obtained precipitate was recrystallized with an EtOH-EtAc mixture (1:1, v:v).
3.3. Solvent and acid-base effects on UV-Vis spectra
UV-Vis spectra of azo-azomethine receptors (L 1 and L 2 ) were taken at room temperature in the range of
250–600 nm in 10 −5 M solutions using a variety of solvents (DMSO, DMF, ethanol, chloroform). The acid-base
effect on the absorption spectra was also evaluated by adding trifluoroacetic acid and triethylamine.
3.4. Measurements of metal ion sensing
The metal ion solutions were prepared from nitrate salts of Cr 3+ , Fe 3+ , Al 3+ , Ni 2+ , Zn 2+ , Cu 2+ , Co 2+ ,
Pb 2+ , Cd 2+ , and Mn 2+ . A stock solution of the metal ions was prepared in aqueous HEPES buffer (mM, pH
283

ÖZDEMİR/Turk J Chem

6.8), and it was diluted to 133 µM with DMF (v:v, 1:1). A stock solution of receptors was prepared in DMF
(400 µM) and it was diluted to 133 µM with HEPES (v:v, 1:1). In selectivity experiments, the samples were
prepared by adding 2 mL of metal ion solution (133 µM) into 2 mL of receptor solution (133 µM). UV-Vis
spectra were performed at room temperature in the range of 250–900 nm against a blank in DMF-HEPES (v:v,
1:1).
3.5. Measurement of anion sensing
−
−
The anion solutions were prepared from sodium salts of F − , Cl − , CH 3 COO − , C 2 O 2−
4 , H 2 PO 4 , and OH .

A stock solution of the anions was prepared in HEPES (2.4 × 10 −2 M, pH 6.8), and it was diluted to 2 ×
10 −3 M with DMF (v:v, 1:1). A stock solution of receptors (400 µM, DMF) was diluted to 33 µM with HEPES
(v:v, 1:1). In selectivity experiments, 1.5 mL of anion solution (2 × 10 −3 M) was added to 1.0 mL of receptor
solution (33 µM).
Acknowledgment
I am thankful to the Gazi University Photonics Application and Research Center for XRD measurements.
References
1. Dong, L.; Wu, C.; Zeng, X.; Mu, L.; Xue, S. F.; Tao, Z.; Zhang, J. X. Sensors Actuat. B 2010, 145, 433-437.
2. Santhoshkumar, S.; Velmurugan, K.; Prabhu, J.; Radhakrishnan, G.; Nandhakumar, R. Inorg. Chim. Acta 2016,
439, 1-7.
3. Udhayakumari, D.; Velmathi, S. Spectrochim. Acta A 2014,122, 428-435.
4. Bhorge, Y. R.; Tsai, H. T.; Huang, K. F.; Pape, A. J.; Janaki, S. N.; Yen, Y. P. Spectrochim. Acta A 2014,130,
7-12.
5. Fan, L.; Qin, J. C.; Li, T. R.; Wang, B. D.; Yang, Z. Y. J. Lumin. 2014, 155, 84-88.
6. Choi, Y. W.; Park, G. J.; Na, Y. J.; Jo, H. Y.; Lee, S. A.; You, G. R.; Kim, C. Sensors Actuat. B 2014,194,
343-352.
7. Azadbakht, R.; Rashidi, S. Spectrochim. Acta A 2014, 127, 329-334.
8. Chen, X.; Yamaguchi, A.; Namekawa, M.; Kamijo, T.; Teramae, N.; Tong, A. Anal. Chim. Acta 2011, 696, 94-100.
9. Sarkar, D.; Pramanik, A. K.; Mondal, T. K. Spectrochim. Acta A 2016, 153, 397-401.
10. You, G. R.; Park, G. J.; Lee, S. A.; Ryu, K. Y.; Kim, C. Sensors Actuat. B 2015, 215, 188-195.
11. Peralta-Dominguez, D.; Rodriguez, M.; Ramos-Ortiz, G.; Maldonado, J. L.; Meneses-Nava, M. A.; Barbosa-Garcia,
O.; Santillan, R.; Farfan, N. Sensors Actuat. B 2015, 207, 511-517.
12. Dalapati, S.; Jana, S.; Guchhait, N. Spectrochim. Acta A, 2014, 129, 499-508.
13. Reena, V.; Suganya, S.; Velmathi, S. J. Fluorine Chem. 2013, 153, 89-95.
14. Chang, Y. J.; Wu, S. S.; Hu, C. H.; Cho, C.; Kao, M. X.; Wu, A. T. Inorg. Chim. Acta 2015, 432, 25-31.
15. Sarveswari, S.; Beneto, A. J.; Siva, A. Sensors Actuat. B 2017, 245, 428-434.
16. Ghosh, S.; Alam, M. A.; Ganguly, A.; Guchhait, N. Spectrochim. Acta A 2015, 149, 869-874.
17. Oter, O.; Ertekin, K.; Kilincarslan, R.; Ulusoy, M.; Cetinkaya, B. Dyes Pigments 2007, 74, 730-735.
18. Alreja, P.; Kaur, N. Inorg. Chim. Acta 2018, 480, 127-131.
19. Dogaheh, S. G.; Khanmohammadi, H.; Sanudo, E. C. Spectrochim. Acta A 2017, 179, 32-41.

284

ÖZDEMİR/Turk J Chem

20. Kaur, B., Kaur, N.; Kumar, S. Coord. Chem. Rev. 2018, 358, 13-69.
21. Habibi, M. H.; Hassanzadeh, A; Zeini-Isfahani, A. Dyes Pigments 2006, 69, 93-101.
22. Flores-Leonar, M.; Esturau-Escofet, N.; Mendez-Stivalet, J. M.; Marin-Becerra, A.; Amador-Bedolla, C. J. Mol.
Struct. 2011, 1006, 600-605.
23. Yahyazadeh, A.; Azimi, V. Eur. Chem. Bull. 2013, 2, 453-455.
24. Sarigul, M.; Sari, A.; Kose, M.; McKee, V.; Elmastas, M.; Demirtas, I.; Kurtoglu, M. Inorg. Chim. Acta 2016,
444, 166-175.
25. Güngör, Ö.; Gürkan, P. J. Mol. Struct. 2014, 1074, 62-70.
26. Odabaşoğlu, M.; Albayrak, Ç.; Özkanca, R.; Aykan, F. Z.; Lonecke, P. J. Mol. Struct. 2007, 840, 71-89.
27. Orojloo, M.; Amani, S. Talanta 2016, 159, 292-299.
28. Kurtoglu, N. J. Serb. Chem. Soc. 2009, 74, 917-926.
29. Manikshete, A. H.; Sarsamkar, S. K.; Deodware, S. A.; Kamble, V. N.; Asabe, M. R. Inorg. Chem. Comm. 2011,
14, 618-621.
30. Ghasemian, M.; Kakanejadifard, A.; Azarbani, F.; Zabardasti, A.; Kakanejadifard, S. Spectrochim. Acta A 2014,
124, 153-158.
31. Sarigul, M.; Deveci, P.; Kose, M.; Arslan, U.; Turk Dagi, H.; Kurtoglu, M. J. Mol. Struct. 2015, 1096, 64-73.
32. Refat, M. S.; El-Deen, I. M.; Ibrahim, H. K.; El-Ghool, S. Spectrochim. Acta A 2006, 65, 1208-1220.
33. Kaur, H.; Lim, S. M.; Ramasamy, K.; Vasudevan, M.; Shah, S. A. A.; Narasimhan, B. Arabian J. Chem. (in press).
34. Kakanejadifard, A.; Esna-Ashari, F.; Hashemi, P.; Zabardasti, A. Spectrochim. Acta A 2013, 106, 80-85.
35. Kantar, C.; Mavi, V.; Baltaş, N.; İslamoğlu, F.; Şaşmaz, S. J. Mol. Struct. 2016, 1122, 88-99.
36. Tao, T.; Xu, F.; Chen, X. C.; Liu, Q. Q.; Huang, W.; You, X. Z. Dyes Pigments 2012, 92, 916-922.
37. Minkin, V. I.; Tsukanov, A. V.; Dubonosov, A.D.; Bren, V. A. J. Mol. Struct. 2011, 998, 179-191.
38. Khanmohammadi, H.; Pass, M.; Rezaeian, K.; Talei, G. J. Mol. Struct. 2014, 1072, 232-237.
39. Kakanejadifard, A.; Azarbani, F.; Zabardasti, A.; Kakanejadifard, S.; Ghasemian, M.; Esna-Ashari, F.; Omidi, S.;
Shirali, S.; Rafleefar, M. Dyes Pigments 2013, 97, 215-221.
40. Güngör, Ö.; Gürkan, P. Arabian J. Chem. (in press).
41. Aly, H. M.; Moustafa, M. E.; Nassar, M. Y.; Abdelrahman, E. A. J. Mol. Struct. 2015, 1086, 223-231.
42. Kumar Gupta, V.; Mergu, N.; Kumar Kumawat, L. Sensors Actuat. B 2016, 223, 101-113.
43. Sundar, A.; Prabhu, M.; Indra Gandhi, N.; Marappan, M.; Rajagopal, G. Spectrochim. Acta A 2014, 129, 509-518.
44. Wang, D. F.; Ke, Y. C.; Guo, H. X.; Chen, J.; Weng, W. Spectrochim. Acta A 2014, 122, 268-272.
45. Kaur, K.; Chaudhary, S.; Singh, S.; Mehta, S. K. J. Lumin. 2015, 160, 282-288.
46. Zang, L.; Jiang, S. Spectrochim. Acta A, 2015, 150, 814-820.
47. Zang, L.; Wei, D.; Wang, S.; Jiang, S. Tetrahedron 2012, 68, 636-641.
48. Dincçalp, H.; Toker, F.; Durucasu, İ.; Avcıbaşı, N.; Icli, S. Dyes Pigments 2007, 75, 11-24.

285

Figure S1. IR spectra of (a) Az-1, (b) L1, (c) L2.

Figure S2. 1H NMR spectrum of Az-1 in DMSO-d6.

1

Figure S3. 1H NMR spectra of azo-linkage Schiff bases in DMSO-d6: (a) L1 and (b) L2.
2

Figure S4. 13C NMR spectrum of Az-1 in DMSO-d6.

3

Figure S5. 13C NMR spectrum of L1 in DMSO-d6.

4

Figure S6. 13C NMR spectrum of L2 in DMSO-d6.
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Figure S7. UV-Vis spectra of L2 in (a) neutral, (b) acidic, and (c) basic solutions.

6

Figure S8. UV-Vis spectra L1 and L2 in DMF after addition of 0.5–2.5 equivalent volumes of
water.

Figure S9. Mass spectrum of Az-1.

Figure S10. Mass spectrum of L1.
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Figure S11. Mass spectrum of L2.

Figure S12. Spectrophotometric titration of L2 (133 µM) with various numbers of equivalent
volume of (a) Cu2+ ion (133 µM), (b) Al3+ ion (133 µM), and (c) Fe3+ ion (133 µM) in DMFHEPES (1:1). Insets: plot of UV-Vis absorbance at 360 nm as a function of [M]/[L2].
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Figure S13. The detection limit of L2 for (a) Cu2+, (b) Al3+, and (c) Fe3+ based on UV-Vis
titration.
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Figure S14. Job’s plots of L1 and L2 with Cu2+, Al3+, and Fe3+ ions.
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Figure S15. (a) Absorption responses and UV-Vis spectra changes of L2 (133 µM, 1 equiv.)
towards Cu2+ (1 equiv.) in the absence and presence of various metal ions (1 equiv.) in DMFHEPES (1:1). (b) Absorption responses and UV-Vis spectra changes of L2 (133 µM, 1 equiv.)
towards Al3+ (1 equiv.) in the absence and presence of various metal ions (1 equiv.) in DMFHEPES (1:1). (c) Absorption responses and UV-Vis spectra changes of L2 (133 µM, 1 equiv.)
towards Fe3+ (1 equiv.) in the absence and presence of various metal ions (1 equiv.) in DMFHEPES (1:1).
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Figure S16. UV-Vis spectra of L2 (33 µM) after addition of 90 equivalent amounts of various
anions (2 × 10-3 M) in (a) DMF-aqueous HEPES buffer solution (1:1, v:v) and (b) DMFaqueous HEPES buffer solution (4:1, v:v). Insets: color changes of L2 in the presence of
various anions.
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Figure S17. Absorption spectra changes of L1 upon the addition of 0–242 equiv. of (a) F-, (b)
CH3COO-, (c) C2O42-, and (d) OH- in DMF-HEPES (4:1). Inset: absorbance as a function of
[A]/[L1].
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Figure S18. (a) Absorption responses and UV-Vis spectra changes of L1 (33 µM, 1 equiv.)
towards C2O42- (90 equiv.) in the absence and presence of other anions (90 equiv.) in DMFHEPES (1:1). (b) Absorption responses and UV-Vis spectra changes of L1 (33 µM, 1 equiv.)
towards F- (90 equiv.) in the absence and presence of other anions (90 equiv.) in DMFHEPES (4:1). (c) Absorption responses and UV-Vis spectra changes of L1 (33 µM, 1 equiv.)
towards CH3COO-(90 equiv.) in the absence and presence of other anions (90 equiv.) in
DMF-HEPES (4:1).
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